Transfer RNAs (tRNAs) have been important in shaping biomolecular evolution. Initiator tRNAs (tRNA i ), a special class of tRNAs, carry methionine (or its derivative, formyl-methionine) to ribosomes to start an enormously energy consuming but a highly regulated process of protein synthesis. The processes of tRNA i evolution, and selection of methionine as the universal initiating amino acid remain an enigmatic problem. We constructed phylogenetic trees using the whole sequence, the acceptor-TΨC arm ('minihelix'), and the anticodon-dihydrouridine arm regions of tRNA i from 158 species belonging to all three domains of life. All the trees distinctly assembled into three domains of life. Large trees, generated using data for all the tRNAs of a vast number of species, fail to reveal the major evolutionary events and identity of the probable elongator tRNA sequences that could be ancestor of tRNA i . Therefore, we constructed trees using the minihelix or the whole sequence of species specific tRNAs, and iterated our analysis on 50 eubacterial species. We identified tRNA 2 selection of methionine as the initiating amino acid. Overall frequency of occurrence of methionine, whose metabolic cost of synthesis is the highest among all amino acids, remains almost unchanged across the three domains of life. Our correlation analysis shows that its high metabolic cost is independent of many physicochemical properties of the side chain. Our results indicate that selection of methionine, as the initiating amino acid was possibly a consequence of the evolution of one-carbon metabolism, which plays an important role in regulating translation initiation.
Introduction
The present day tRNAs act as adaptor molecules to decipher the genetic code present in the mRNA to bring the corresponding amino acids to the ribosome 1 . In the 'RNA world', the ancestral tRNA molecules, thought to have emerged as ribozymes, might have also catalyzed their own aminoacylation 2, 3 , 4, 5 . Though the 'RNA-world' hypothesis is well accepted, the successive events in tRNA evolution are highly controversial but a coveted field of research [6] [7] [8] [9] [10] [11] [12] .
Of the two (monophyletic and polyphyletic) theories of tRNA evolution, the monophyletic theory proposes that the tRNA (and therefore the different segments in it) originated as a single unit, whereas the polyphyletic theory argues that two segments of the modern tRNA, the anticodon-dihydrouridine (DHU) arm (A-D), and the acceptor-TΨC arm (minihelix) regions ( Fig. S1 ), originated separately, and then over the course of evolution converged into a single entity [13] [14] [15] [16] . The monophyletic theory of tRNA origin has been considered to derive tRNA phylogenies 17, 18 , and while this method discerns two distinct classes (class I and class II) of tRNAs, it neither allows to clearly trace the ancestors of the different tRNAs nor their segregation into the three domains of life 19 . However, the polyphyletic theory of tRNA translation initiation and to also understand selection of methionine as the universal initiating amino acid.
Following from the polyphyletic theory of tRNA evolution, we constructed phylogenetic trees of tRNA i taking the secondary structure elements into account. These results provide compelling evidence about the ancient nature of tRNA i arising prior to the branching of last universal common ancestor (LUCA 
Results

Phylogenetic tree construction using tRNA i sequences
Construction of phylogenies of tRNAs poses challenges due to their short sizes, which are often susceptible to the clad-specific mutations and horizontal transfers 28 . However, recent methodologies allow use of even the short sequences of tRNAs to construct phylogenies which efficiently reproduce the three domains of life 28 . There are a number of studies where sequence alignments have been made considering the secondary structures of the tRNAs 19 . Thus, we used R-COFFEE secondary structure alignment tool to construct phylogenies from, (a) the whole tRNA sequences, (b) the A-D, and (c) the minihelix regions. The trees generated from the three alignments assemble into the three distinct domains of life (Fig. 1) . However, when the whole sequences were considered, there were a few outliers in the three clusters. Interestingly, few species of bacteria which cause infectious diseases, e. g. virulent E. coli, clustered within the eukaryotic group suggesting a possible case of horizontal gene transfer or selection pressure within eukaryotic physiological conditions. Even the tree constructed from the minihelices of the tRNA i , clustered organisms into the three different domains of life (Fig. 2) suggesting that it evolved before the formation of three branches, most possibly around the emergence of the LUCA but after the convergence of the two segments (the A-D, and the minihelix domains) of the tRNA. The alignment of the A-D regions also produced clusters of species of the three domains of life. However, the number of outliers was higher in this tree. A higher bootstrapping was observed when the whole tRNA was used (average ~50-70) compared to the other trees (38- 
Ancestor of initiator tRNA
The identity of the probable ancestor is lost in the common method of using all the tRNAs from a large number of organisms to construct phylogenies because many predominant clade specific events in the elongator tRNA evolution influence the nature and branching of the tree 18 . Not surprisingly, when we constructed a tree with the minihelix regions of 2758 sequences of all tRNAs from a large variety of species; the results were too complicated for a clear understanding (data not shown). Thus, to trace the evolutionary lineage of tRNAs, we generated phylogenetic trees from the species specific minihelices of tRNAs from 50 independent species of eubacteria ( 
Conserved regions of tRNA i
To elaborate on the conserved regions of tRNA i , a logo plot was generated from the alignment of the whole tRNA sequence ( 
Why methionine as the initiating amino acid
The chemistry of the amino acids in the primordial soup was stochastically the primary driver of the evolution of central dogma and metabolic pathways. To ascertain factors that aided the selection of the initiating amino acid, a correlation analysis among some key physico-chemical features of amino acids was done. The data for the various attributes were taken from the literature [30] [31] [32] [33] [34] [35] [36] . As shown in Fig. S7 , the metabolic cost of Met synthesis is highest among the amino acids 30 . An increase in the metabolic cost of amino acid synthesis shows a tendency of positive correlation with its decreased abundance (Fig. 5a ) in the cell 32 . The difference in metabolic cost of biosynthesis of amino acids shows no apparent correlation with their various intrinsic physico-chemical properties such as hydrophobicity (Fig. 5b ) 33 , volume of the side chains ( Fig. 5c ) 34 , and side chain bond energy (Fig. 5d ) 35 . However, there is a positive correlation between the increase in the electrostatic potential energy 36 and increase in metabolic cost ( Fig. 5a , a negative value indicates direction of the force field). If the abundance of methionine acts as a signal to initiate translation, it should be scarcely present in the ORF and the fraction of Met codon should be unchanged across domains and independent of GC content of the organism. Interestingly, the frequencies of Met occurrence do not change with neither the GC contents of the genome nor the complexity of the organisms ( 
Discussion
Construction of the phylogenetic trees from the whole, or the minihelix, or the A-D regions of tRNA i segregated organisms into the three different domains of life indicating that tRNA i evolved prior to the separation of the three domains of life (Fig. 1) 38 . The logo plot (Fig. 4a) shows that the minihelix and the anticodon regions of tRNA i are highly conserved. Notably, the highly conserved residues of G2-C71, C3-G70, G4-C69, G12 and C13 are involved in interactions with different proteins like MetRS, methionyl tRNA transformylase, and IF2.
Specific residues in the minihelix interact with 70S during initiation. These residues may have evolved in a species-independent manner, as the functions are too intricate to have inter-species variation.
All the different types of the amino acids were not available or were less abundant in the primordial soup 39 . The co-evolution of the metabolism with 'RNA world' 40 must have played an important role in fixing the initiating amino acid 41 . It should be noted that ribosome methylations play a vital role in protein synthesis 42 . In fact, methylations are important in many aspects of the cellular processes 43, 44 . It has been suggested that the one-carbon metabolism is a primitive metabolic process [45] [46] [47] . One-carbon metabolism is essential for the synthesis of methionine 48 . During the one-carbon metabolism driven geoenergetics to bioenergetics transition in prokaryotic life 45 , the abundance of methionine in hydrothermal vents played a crucial role in shaping the cellular metabolic and other processes involving methylation such as rRNA-tRNA modifications and DNA methylations 49 . Methionine is important for quorum- (Fig. 6a) , its internal occurrence would mean a higher metabolic cost. A regulation or checkpoint based on metabolic cost is best made at the point of starting a process as supported by the ubiquitous occurrence of Met as the initiating amino acid but very infrequently at the subsequent positions in the polypeptide chain. In contrast to the other amino acids, the abundance of Met has not changed from LUCA to modern genomes 56 The correlation analysis indicates that field effect (electrostatic potential) rather than steric effect (volume) might have played a crucial role in determining abundance of amino acids.
The hydrophobicity does not correlate with metabolic cost of the amino acid synthesis.
Incidentally, the metabolic cost also correlates with the electrostatic potential energy. These provide further clues about the determining factors of protein composition and its interaction with solvent and other peptides. It is evident from our data, that metabolism played more important role than any other physico-chemical attributes of the amino acids in the selection of the first amino acid in the ORF. Overexpression of tRNA i 61 can change the growth pattern of the cells. As the complexities increased, the control of the initiation process became critically important. This resulted in a change in the copy number (rather than sequence) of tRNA i genes across the three domains of life (Fig. 4c) . It has been reported that tRNA i competes with other tRNAs for binding to the P-site 37 . The copy number of the initiator tRNA genes increased from 1 to multiple when more complex organisms evolved.
In conclusion, the current study suggests that tRNA i evolved prior to the separation of three domains of life. Most probably, it has not evolved from elongator tRNA Met candidates. But, if evolution of metabolic pathways is taken into consideration, then tRNA Glu seems like a more probable candidate. Finally, co-evolution of metabolic pathways might have played a crucial role in determining the first amino acid in the translation of an ORF. Coevolution of one-carbon metabolism and the process of translation make a strong case for methionine to be a cellular signal for initiation of the protein synthesis.
Materials and methods tRNA sequence retrieval and alignment
The tRNA sequences were downloaded from tRNAdb database (http://trna.bioinf.unileipzig.de/DataOutput/Search) 62 . For many organisms, the tRNA i was already identified and annotated. For other organisms, the identification was primarily based on three consecutive G-C base pairs of the anticodon stem and the 1-72 mismatch in the acceptor arm. The sequences were aligned using R-COFFEE from T-COFFEE website (http://tcoffee.crg.cat/apps/tcoffee/do:rcoffee) 63 . When required, the alignments were modified using aliview offline (http://www.ormbunkar.se/aliview/). This was particularly useful when a stretch of sequences was to be removed from the alignment. The nucleotides 1-7 and 49-76 of E.
coli metY gene were considered as minihelix. The rest of the nucleotides (9-48) were considered as A-D region.
Phylogenetic trees and Logo plots
Using the alignments, phylogenetic trees were constructed using Seaview program 64 , where a PHYML based phylogenetic tree construction was done using maximum likelihood method. The evolutionary model used was generalized-time reversal model (GTR). For statistical analysis, non-parametric bootstrapping was done with 100 replicates. Initiator tRNA sequence from a total of 158 species were used. The alignments were used to generate a logo plot using web-logo program (http://weblogo.berkeley.edu/logo.cgi) 65 .
Structural model
The crystal structures were downloaded from PDB database. The structures were visualized using Chimera software, which was also used for generation of the figures showing different segments of crystal structure 66 .
Correlation analysis
The data for the metabolic cost 30 ]. The data for both frequency of occurrence of Met and GC percentage in the coding region were collected from 'http://www.kazusa.or.jp/codon/'. 
